Introduction
Silicon carbide (SiC) is one of the most important ce ramic materials for high-temperature structural applica tions because of its excellent high-temperature mechanical properties, potentiality of high thermal conductivity and good corrosion and wear resistance.1), 2) Furthermore, SiC is expected to be used as structural materials for future fusion reactors since SiC shows low activation due to its low atomic number and good resistance to high-energy neutron irradiation up to very high neutron uences, in addition to the properties described above.3)-14) However, monolithic SiC is very brittle, resulting in low reliability as a material for structural applications, and further improvement in mechanical properties, such as fracture toughness, is re quired. An effective method to overcome the brittleness of SiC is to add some reinforcements with high strength and high elastic modulus, for that purpose, SiC fiberreinforced SiC composite (SiC/SiCf) has been developed.
There are several processes for fabricating the SiC/ SiCf composite, for example, chemical vapor infiltration (CVI) method and polymer infiltration and pyrolysis (PIP) method.15)-17) These processes have mainly been adopted for the fabrication of the SiC/SiCf composite since they have the following advantages: high purity and low damage of fibers due to a relatively low processing temperature .
Recently, in Japan, a working group aiming to study the SiC/SiCf composite as a fusion reactor material was in itiated, and many researchers have contributed much effort to, for example, the development or optimization of the fabrication process, and the characterization of the SiC/ SiCf composite.18) As one of the activities of the working group, the SiC/SiCf composites fabricated by CVI and PIP methods were distributed to researchers as round-robin test materials, and tests are ongoing. In consideration of the use of SiC/SiCf composite for high-temperature structural ap plications, investigation of properties such as mechanical properties at high temperatures is necessary. In this study, therefore, the three-point bending strength of the SiC/ SiCf composites fabricated by CVI and PIP methods was measured at room and high temperatures up to 1600 and the fracture behavior was evaluated.
Experimental procedures 2.1 Materials
The SiC/SiCf composites fabricated by CVI and PIP methods were supplied by Ube Industries Co., Ltd., Japan and Nippon Carbon Co., Ltd., Japan, respectively, as the round-robin test materials. Hi-Nicalon fiber cloth (Nippon Carbon, Japan) woven in 90 crossing in two dimensions was used as the reinforcement. The SiC/SiCf composite fabricated by CVI method consisted of seven layers of Hi Nicalon cloth and SiC matrix, whereas the composite fabricated by PIP method consisted of eleven layers of Hi Nicalon cloth and -SiC or amorphous SiC matrix derived from polycarbosilane. In the case of CVI method, it took about one week to deposit the matrix by CVI. In the case of PIP method, the polymer infiltration-mpyrolysis process was repeated nine times to fill large voids between cloth layers. A carbon coating was formed on the fibers by the pyrolysis of the carbon polymeric precursor before the CVI or PIP process. The thickness of the carbon coating on the fibers in the cases of CVI and PIP processes was about 50nm and 200nm, respectively. The SiC/SiCf composite with non coated Hi-Nicalon fiber cloth fabricated by PIP method was also supplied and used as a test material. The bulk densities of the SiC/SiCf composites fabricated by CVI and PIP methods measured by the Archimedes' method were about 2.7g/cm3 and 2.0g/cm3, respectively. In both composites large voids up to 1mm were remained randomly between cloth layers due to insufficient infiltration of the matrix.
Mechanical properties
Bending test specimens fabricated by CVI and PIP methods were cut to the sizes of 4w2t25lmm and 4w3t25lmm, respectively. As-received specimens were used for the bending strength measurement, i.e., the surface of the specimens was not polished. The three-point bending strength was measured at room temperature in air, and at 1000, 1200, 1400, 1500 and 1600 in vacuum (about 2.710-3Pa).
The bending strength measurement was performed using a universal testing machine (Instron 1185, U.S.A.) with a cross-head speed of 0.5mm/min and a lower span of 20mm. In high-tempera ture bending strength measurement, the specimen was retained at a given test temperature in the furnace of the testing machine for 0.5h in order to ensure uniformity of temperature before the bending test. Due to the limited number of specimens, the number of specimens tested at room temperature was 3 or 4, and that at high temperatures was 1 or 2. The SiC/SiCf composites without visible large voids were chosen and used as the bending test specimens at high temperatures. The fracture surface of the speci mens after the bending test was observed by scanning electron microscopy (SEM). Figure 1 shows the maximum strength of the CVI-SiC/ SiCf composite at room and high temperatures. The maxi mum strength was maintained at around 200MPa up to 1600 and did not decrease significantly with increasing test temperature. The maximum strength at room temper ature varied widely from 180 to 460MPa because of the non-uniform distribution of large voids near the center of the composite. Figure 2 shows typical load-displacement curves of the CVI-SiC/SiCf composite in the bending strength measure ment at room temperature. As shown in Fig. 2 , non-brittle and brittle fracture were observed. In addition, some specimens became delaminated between cloth layers and the matrix during the bending test ( Fig. 2 (c) ). Fracture energy was calculated as the area under the load-displace ment curve in the bending strength measurement divided by twice the fracture surface area. Coppola and Bradt1) reported that the fracture energy of monolithic SiC meas ured by the work-of-fracture method at room temperature was 11-83J/m2. The fracture energy of the composite which fractured in a brittle manner ( Fig. 2 (a) ) was 0.2kJ/ m2, whereas that of the composites which showed non brittle fracture (Figs. 2 (b) and 2 (c)) was 6.6-9.6kJ/m2 and much higher than that of monolithic ceramics. SEM micrographs of the fracture surface of the CVI SiC/SiCf composite after the bending strength measure ment at room temperature are shown in Fig. 3 . In the composite which showed brittle fracture, fiber pull-out could not be observed ( Fig. 3 (a) ). On the other hand, in the composites which showed non-brittle fracture, fiber pull-out could be observed ( Fig. 3 (b) ), and in particular, large fiber pull-out occurred in the composite which had high maximum strength and fracture energy. It was indi cated that large fiber pull-out mainly contributed to high fracture energy.
Results

CVI-SiC/SiCf composite
Typical load-displacement curves for the CVI-SiC/SiCf composite, obtained by the bending strength measurement at high temperatures, are shown in Fig. 4 . The load-dis placement behaviors up to 1500 showed non-brittle frac ture, whereas that at 1600 showed complete brittle frac ture. The composites retained a fracture energy of 2.0kJ/ m2 up to 1500.
In the case of the composite tested at 1600, fracture energy was about 0.2kJ/m2. SEM micrographs of the fracture surface of the CVI SiC/SiCf composites after the bending strength measure ment at high temperatures are shown in Fig. 5 . In the composites which showed non-brittle fracture below 1600 (Figs. 5 (a) and 5 (b)), fiber pull-out could be observed, as seen in the composite with non-brittle fracture tested at room temperature.
In contrast, the composite which showed brittle fracture at 1600, fractured catastrophical ly in both the matrix and cloth layers, and fiber pull-out could not be observed. 3.2 PIP-SiC/SiCf composite Figure 6 shows the maximum strength of the PIP-SiC/ SiCf composite at room and high temperatures. The maxi mum strength gradually increased from 40 to 70MPa with increasing test temperature, and the composite with car bon-coated Hi-Nicalon had a higher maximum strength than that with non-coated Hi-Nicalon. Figure 7 shows typical load-displacement curves of the PIP-SiC/SiCf composite with non-coated Hi-Nicalon in the bending strength measurement at room and high tempera tures. The load-displacement behaviors showed almost brittle characteristics with slight ductility after the first matrix cracking and a large reduction of load, except for that at 1400, which showed non-brittle characteristics. The fracture energy above and below 1400, was 0.1-0.2 kJ/m2, whereas that at 1400 was about 0.4kJ/m2. SEM micrographs of the fracture surface of the PIP-SiC/ SiCf composites with non-coated Hi-Nicalon are shown in Fig. 8 . In the composites which showed brittle fracture above and below 1400, the fracture surface was almost flat and no fiber pull-out could be observed (Figs. 8 (a) and 8 (c)), whereas in the composite which showed non-brittle fracture at 1400, slight fiber pull-out and interfacial de bonding were observed, as shown in Fig. 8 (b) . Moreover, in the composite after the bending test at 1600, fine grains could be observed at the surface of the matrix (Fig.  8 (c) ). Typical load-displacement curves of the PIP-SiC/SiCf composite with carbon-coated Hi-Nicalon in the bending strength measurement at room and high temperatures are shown in Fig. 9 . The composites fractured in a non-brittle manner at room temperature ( Fig. 9 (a) ) and were differ ent from the composite with non-coated Hi-Nicalon. Non -brittle fracture was observed up to 1400 ( Fig. 9 (b) ), whereas the load-displacement behaviors indicated almost brittle fracture at 1500 and above (Fig. 9 (c) ). The frac ture energy of the composite with carbon-coated Hi-Nicalon was higher than that of the composite with non-coated Hi -Nicalon and was more than 0.2kJ/m2. At 1400, the composite showed a fracture energy of 0.7kJ/m2 which was about twice as high as that of the composite with non coated Hi-Nicalon. SEM micrographs of the fracture surface of the PIP-SiC/ SiCf composites with carbon-coated Hi-Nicalon are shown in Fig. 10 . In the composites which showed non-brittle fracture between room temperature and 1400, fiber pull out and interfacial debonding could be observed (Figs.   10 (a) and 10 (b) ). On the other hand, in the composites which fractured in an almost brittle manner at 1500 and above, no fiber pull-out was observed and fine grains were formed in the matrix at 1600, as observed in the compo site with non-coated Hi-Nicalon tested at 1600. 4. Discussion 4.1 CVI-SiC/SiCf composite The difference in the fracture behavior at room tempe rature, such as brittle or non-brittle fracture, was consi dered to be due to the interfacial bonding between fibers and the matrix. It is well known that the fiber-matrix in terface play a major role in fiber-reinforced ceramic matrix composites. When interfacial bonding is too strong, the matrix crack propagates into and through the fiber without bridging or pull-out along the fracture path, resulting in catastrophic failure, as in monolithic ceramics. There can be two types of interfacial bonding: chemical bonding and mechanical bonding. In this study, it seems that mechanical bonding rather than chemical bonding affects interfacial bonding. In general, residual stress and roughness of the fiber surface would lead to mechanical bonding. However, residual stress is considered to have little effect on the fracture behavior of the CVI-SiC/SiCf composite, compared with the roughness of fiber surface, because the existence of large voids may relieve the residual stress. In the CVI -SiC/SiCf composite, the thickness of the carbon coating on the fiber was about 50nm, and there would be regions of insufficient coating layer, resulting in a rough interface. Such regions of insufficient coating increase the fiber slid ing resistance and inhibit fiber pull-out, i.e., the interface with high sliding resistance cannot induce fiber pull-out effectively. As a result, the composite shows various frac ture behaviors, such as brittle or non-brittle fracture at room temperature. Furthermore, it is possible that the thickness of the matrix on the side of the tensile surface also influences the fracture behavior of the SiC/SiCf com posites. If the matrix on the tensile surface is too thick, the matrix releases much energy at the first matrix cracking, and then fibers cannot sustain such a load, resulting in fiber fracture with matrix fracture. So far, it is uncertain whether there are other factors involved in fracture behavior at room temperature in addition to the factors described above.
The reason for brittle fracture at 1600 should be at tributed mainly to the degradation of fibers due to exposure to high temperatures, i.e., decrease in tensile strength. It has been reported that the tensile strength of Hi-Nicalon fiber after the thermal exposure test in Ar atmosphere is maintained at around the original strength up to 1400, however, it decreases gradually above 1400.
The Hi -Nicalon fiber heat-treated at 1600 retains approximately half the original strength. 2 4.2 PIP-SiC/SiCf composite The difference in fracture behavior and fracture energy between the PIP-SiC/SiCf composites with noncoated and carbocoated Hi-Nicalon cloth was attributed to the inter facial bonding strength between fibers and the matrix. Carbon coating on fibers is expected to contribute to the weakening of the interfacial bonding between fibers and the matrix.
The change in fracture strength and fracture behavior against test temperature is probably explained in terms of the crystallization of the matrix, the change in the interfa cial bonding strength between fibers and the matrix and the degradation of fibers by exposure to high temperatures. Figure 11 shows X-ray diffraction patterns of the PIP-SiC/ SiCf composite after bending strength measurement at room and high temperatures. The matrix of the as-received composite consisted of-SiC and an amorphous phase, as shown in Fig. 11 (a) , since the composite was fabricated at a temperature as low as about 1200, and polycarbosilane, the polymeric precursor as the matrix, did not completely crystallize into -SiC. As the test temperature increased, the amorphous phase in the matrix of the composite grad ually crystallized into -SiC, as shown in Figs. 11 (b) and 11 (c), resulting in an increase in strength of the matrix. The increase in maximum strength with test temperature is attributed to the strengthening of the matrix. In addition, it has been reported that gases such as CH4 and H2 were released during the pyrolysis and crystallization of polycarbosilane,23) subsequently leaving numerous small pores in the matrix and matrix-fiber interface. Due to the formation of the small pores during the pyrolysis and crys tallization of the matrix, the interfacial bonding was weakened, which contributed to fiber pull-out. This ex plains why the composite with non-coated Hi-Nicalon frac tured in a non-brittle manner with fiber pull-out at 1400. The composites, however, fractured in an almost brittle manner at temperatures higher than 1400 due to the degradation of fibers and the increase in the porosity of the matrix during the crystallization into fine grained SiC, as clearly observed in Figs. 8 (c) and 10 (c) , in spite of weak interfacial bonding between fibers and the matrix. The PIP-SiC/SiCf composite significantly differed from the CVI-SiC/SiCf composite in maximum strength. The difference in maximum strength between the CVI and PIP-SiC/SiCf composites could be explained mainly in terms of bulk density. The strength generally depends on bulk density, namely, the strength increases with bulk density. The CVI-SiC/SiCf composite had a much higher bulk density than the PIP-SiC/SiCf composite, and it was expected to show high maximum strength compared with the PIP-SiC/SiCf composite. Moreover, the PIP-matrix did not crystallize completely, as described above, resulting in low maximum strength.
In both of the composites, interfacial bonding would sig nificantly affect their mechanical properties, as mentioned above; therefore, it is necessary to evaluate the interfacial region. Work on the interfacial region is now in progress.
Conclusions
The three-point bending strength of the SiC fiber-rein forced SiC composites fabricated by CVI and PIP methods was measured at room and high temperatures up to 1600, and the fracture behavior was investigated. The CVI-SiC/ SiCf composite with carbomcoated Hi-Nicalon and the PIP-SiC/SiCf composite with nomcoated and carbomcoated Hi-Nicalon were used as the test materials.
The maximum strength of the CVI-SiC/SiCf composite was maintained at around 200MPa and did not decrease significantly with increasing test temperature. The differ ence in fracture behavior at room temperature, such as brittle or nombrittle fracture, was considered to be due to the interfacial bonding between fibers and the matrix, resulting from very thin coating, and then the rough inter face. The fracture behavior of the CVI-SiC/SiCf composite showed non brittle characteristics with fiber pull-out up to 1500, whereas that of the composite showed complete catastrophic failure at 1600, mainly because of the degradation of fibers.
The maximum strength of the PIP-SiC/SiCf composite increased gradually from 40 to 70MPa with increasing test temperature. The increase in maximum strength can be due to the crystallization of the matrix as the test tempera ture increased. The composites with carbon-coated Hi Nicalon showed nombrittle fracture with fiber pull-out up to 1400, whereas the composites with non-coated Hi-Nical on showed almost brittle fracture at room and high tem peratures, except at 1400. The difference in fracture be havior and fracture energy between the composites with non-coated and carbon-coated Hi-Nicalon was attributed to the interfacial bonding strength between fibers and the matrix. The change in fracture strength and fracture be havior against test temperature is probably explained in terms of the crystallization of the matrix, the change in the interfacial bonding strength and the degradation of fibers. Carbon coating and the crystallization of matrix weakened the interfacial bonding strength, resulting in non-brittle fracture. At higher than 1400, the composites showed almost brittle fracture due to the degradation of fibers and an increase in porosity during the crystallization, in spite of weak interfacial bonding. The PIP-SiC/SiCf composite sig nificantly differed from the CVI-SiC/SiCf composite in maximum strength, and this could be explained mainly in terms of bulk density.
